A systematic computational study on the structural, electronic, bonding, and optical properties of orthorhombic ammonium azide (NH 4 N 3 ) has been performed using planewave pseudopotential (PW-PP) method based on density functional theory (DFT). Semiempirical dispersion correction schemes have been used to account for non-bonded interactions in molecular crystalline NH 4 N 3 .
I. INTRODUCTION
NH 4 N 3 belongs to the class of inorganic azides, which are an interesting group of materials with a wide range of applications as explosives and photographic materials. They served as model systems for studying the fast reactions in crystalline solids with complex chemical bonding.
1,2 Alkali metal azides in particular sodium azide can be used to synthesis polymeric nitrogen under extreme conditions, which is a green high energy density material (HEDM) 3, 4 , and it can be used as rocket fuel or propellant. 5 Among the inorganic azides, NH 4 N 3 is of special interest due to the strong hydrogen bonding features between the ammonium cation and the negatively charged azide anion, which can be considered as model hydrogen-bonded system. and its vapor readily dissociates into ammonia and hydrazoic acid.
11,12
Materials that contains hydrogen and nitrogen alone are considered to be promising candidates for HEDMs as their decomposition reactions gives environmental friendly gases such as nitrogen and hydrogen. The high volatile nature, thermal instability, and impact sensitivity of NH 4 N 3 are the main disadvantages for its usage in energetic material formulations.
However, NH 4 N 3 is capable of considerable brisance 13 owing to the rapid evolution of gaseous products. Apart from its usage as a weak explosive, its potential as a gas generator has received much attention in recent years. NH 4 N 3 has been used to inflate safety cushions in automobiles with a suitable oxidizer 14 and also used as a solid propellant in photochemical micro-rockets for altitude control. 15 NH 4 N 3 is a derivative of nitric-hydro-acids, which is an important component of rocket fuels. 16 Moreover, recent experiments 6, 7 reveal that NH 4 N 3 undergoes a polymorphic phase transition about 3 GPa due to modification in the strength of hydrogen bonding and also the high pressure phase is thermodynamically stable up to 55 GPa. While ab initio studies predict the high pressure phase of NH 4 N 3 to nonmolecular hydro-nitrogen solid at 36 GPa, which is a HEDM with wide range of applications.
Over the past several decades, a number of studies have been devoted to the structural properties and decomposition mechanism of NH 4 N 3 . It is well known that the standard DFT functionals LDA and GGA usually underestimate the energy-band gap about 50% when compared to experiments. The LDA and GGA functionals suffer from artificial electron self-interaction and also lack the derivative discontinuities of the exchange-correlation potential with respect to occupation number. 36 The calculation of band gap involves only exchange energy 37 and it was determined very accurately by the TB-mBJ functional 38 when compared to standard DFT functionals. Hence, this semi local functional provides much improved band gaps for semiconductors and insulators. Therefore, the electronic structure and optical properties of NH 4 N 3 were calculated by using this TB-mBJ functional as implemented in WIEN2k package. 39 To achieve energy eigen values convergence, wave functions in the interstitial region were expanded in plane waves with cut-off K max = 4/R M T , where R M T is the smallest atomic sphere radius and K max denotes the magnitude of largest k vector in plane wave expansion, while the charge density was Fourier expanded upto G max = 20. The muffin-tin radii were assumed to be 0.7a 0 , 1.1a 0 for H and N atoms, respectively, where a 0 is the Bohr radius. Self consistency is obtained using 54 k-points in the irreducible Brillouin zone (IBZ).
III. RESULTS AND DISCUSSION
A. Structural and elastic properties NH 4 N 3 crystallizes in orthorhombic structure with space group P mna with a = 8.937Å, b = 3.807Å, c = 8.664Å, and Z = 4 at ambient conditions. 40 In order to obtain the equilibrium crystal structure, we have performed full structural optimization of NH 4 N 3 including lattice parameters and internal coordinates using standard LDA and GGA functionals. We find a difference between calculated and experimental volume of -9.9% with LDA and +3.9%
with GGA and thus, our GGA volume is closer to experiment than LDA volume. This discrepancy between theory and experiment is due to standard exchange-correlation potentials used in the calculations that do not capture the nature of non-bonded interactions such as hydrogen bonding and van der Waals interactions in molecular solids. 29-31 Therefore, we have performed structural relaxation with the semiempirical approaches known as G06 and TS schemes to include the non-bonded interactions in our calculations. The volume is underestimated by 3.5% using G06, this error is approximately the same as the standard GGA value with opposite sign. However, the TS scheme provides much better volume (293.99Å 3 )
0.3% lesser than the experimental volume (294.78Å 3 ), where the deviations in lattice constants a, b, c are +0.9%, -0.02%, and -1.2%, respectively. The optimized equilibrium crystal structure is in Fig. 1 . The calculated lattice parameters, volume and fractional co-ordinates with standard DFT functionals and semiempirical schemes are presented in Tables I and II and α-Pb(N 3 ) 2 (41 GPa), 43 which indicates that NH 4 N 3 is a softer material than HMAs and harder than AMAs. The bulk modulus of NaN 3 and α-Pb(N 3 ) 2 is calculated from their compresibilities. 43 Overall, the present study reveals that TS scheme works better for molecular crystalline NH 4 N 3 . Hence, we have used this equilibrium volume to calculate the elastic properties of NH 4 N 3 .
The elastic constants are fundamental parameters for crystalline solids, which describe [49] [50] [51] have shown the qualitative association of stiffness constants, C 11 , C 22 , and C 33 of crystal with physical phenomena including cleavage planes, patterns in crystal growth, and molecular packing. The strength of interactions between the molecules comprising a molecular crystal has a measurable effect on the macroscopic properties of the solid. Detonation of energetic material can be considered to be a collective property of the material and is highly dependent upon intermolecular interactions, molecular arrangements, and molecular composition. These properties can often be correlated to strength of the lattice interactions through elastic constants. Since, NH 4 N 3 possesses orthorhombic crystal symmetry, the stiffness constants C 11 , C 22 and C 33 can be directly re- indicate the shear elasticity applied to the two dimensional rectangular lattice in the (100), (010), and (001) planes. From our calculations, C 55 is found to be relatively small compared to C 44 and C 66 , which is an indication of the soft shear transformation along (010) plane.
We also derived the polycrystalline properties of NH 4 N 3 such as bulk, shear and Young moduli from the calculated elastic constants using Reuss approximation. 52 The bulk modulus In the present case, it is found to be 2.2, which implies that NH 4 N 3 is a ductile material. Table III ). This is the first qualitative prediction of elastic properties of NH 4 N 3 that still awaits experimental confirmation. (010) planes. 
C. Optical properties
The linear response of a system to electromagnetic radiation can be described by means of the dielectric function. In general, there are two contributions to dielectric function, namely; intra-and interband transitions. The intraband transitions occur only in metals. crystal (see Fig. 6(b) ). The electron energy-loss function L(ω) describes the energy loss of a fast electron traversing in a material. The peaks in the L(ω) spectra represent the characteristics associated with the plasma resonance, and the corresponding frequency is the so-called plasma frequency, above which the material is a dielectric (ǫ 1 (ω)>0) and below which the material behaves like a metallic compound (ǫ 1 (ω)<0). As illustrated in Fig. 6(d) , the prominent peaks in L(ω) correspond to trailing edges in the reflection spectra (see 
IV. CONCLUSIONS
In the present study, first principles calculations were performed to investigate the structural, elastic, electronic and optical properties of NH 4 N 3 . The standard DFT functionals such as LDA, GGA are unable to account for the non-bonded dispersive forces in NH 4 N 3 (see Table I ). 
